Individual in situ polymerized fluorene chains 10-100 nm long linked by C-C bonds are pulled vertically from an Au(111) substrate by the tip of a low-temperature atomic force microscope. The conformation of the selected chains is imaged before and after manipulation using scanning tunneling microscopy. The measured force gradient shows strong and periodic variations that correspond to the step-by-step detachment of individual fluorene repeat units. These variations persist at constant intensity until the entire polymer is completely removed from the surface. Calculations based on an extended Frenkel-Kontorova model reproduce the periodicity and magnitude of these features and allow us to relate them to the detachment force and desorption energy of the repeat units. The adsorbed part of the polymer slides easily along the surface during the pulling process, leading to only small oscillations as a result of the high stiffness of the fluorenes and of their length mismatch with respect to the substrate surface structure. A significant lateral force also is caused by the sequential detachment of individual units. The gained insight into the moleculesurface interactions during sliding and pulling should aid the design of mechanoresponsive nanosystems and devices.
Individual in situ polymerized fluorene chains 10-100 nm long linked by C-C bonds are pulled vertically from an Au(111) substrate by the tip of a low-temperature atomic force microscope. The conformation of the selected chains is imaged before and after manipulation using scanning tunneling microscopy. The measured force gradient shows strong and periodic variations that correspond to the step-by-step detachment of individual fluorene repeat units. These variations persist at constant intensity until the entire polymer is completely removed from the surface. Calculations based on an extended Frenkel-Kontorova model reproduce the periodicity and magnitude of these features and allow us to relate them to the detachment force and desorption energy of the repeat units. The adsorbed part of the polymer slides easily along the surface during the pulling process, leading to only small oscillations as a result of the high stiffness of the fluorenes and of their length mismatch with respect to the substrate surface structure. A significant lateral force also is caused by the sequential detachment of individual units. The gained insight into the moleculesurface interactions during sliding and pulling should aid the design of mechanoresponsive nanosystems and devices.
force spectroscopy | conjugated polymers | adhesion | friction | nanomanipulation E ver since the invention of the atomic force microscope (AFM) (1) and the first imaging applications, force spectroscopy has been applied to study the mechanical behavior of polymers (2); more complex chain-like biomolecules, e.g., DNA complementary strands (3); and proteins, subject to controlled extension (2) or applied force (4) , mostly in solution and at room temperature. Reactive groups are chemically inserted at the ends and/or along each molecule to firmly bind some of them to suitably functionalized tips and sample surfaces. Irreversible jumps in curves of force vs. vertical separation may be associated in this way with the rupture of bonds or the unfolding of coiled subunits. If reproducible, the lowest peak in the histogram of the forces attained just before each jump is attributed to such an event in a single molecular chain or complementary pair. In the case of homogeneous polymers or protein segments, simulations based on two-state rate theory combined with a standard model of polymer nonlinear elasticity can reproduce such events, whereas reversible plateaus or continuous rises in the force may be associated with fast binding-rebinding processes or with large thermal fluctuations (2) . Attention thus has focused on conformational changes strongly influenced by pulling speed or imposed force jumps (4) and also by external stimuli, e.g., optical excitation of inserted chromophores (5) or specific reactants or enzymes (6) . Furthermore, mechanical forces recently were discovered by chemists as a unique stimulus to induce specific chemical reactions. In this so-called mechanochemistry, sonication typically is applied to polymer systems and is believed to result in a strong force acting on the weakest link in the chain, where the reaction takes place (7, 8) . Regardless of the direct or indirect exposure to force, it is clear that the mechanics of polymer chains constrained in their surrounding environment is of utmost importance for a variety of biophysical and chemical processes as well as self-healing materials applications (9, 10) .
A few pulling studies have been conducted on polyelectrolytes unspecifically adsorbed on self-assembled monolayers via tunable electrostatic interactions (11) , including DNA (12) . They merely revealed noisy force plateaus, interpreted as continuous partial desorption of single chains, terminated by a drop to zero upon complete detachment from the surface. Despite the undisputed merit of these studies, little is known about the mechanical behavior of single molecular chains pulled off a surface, both defined and characterized on the atomic scale, in the absence of significant thermal fluctuations and drifts. Measurements at low temperature reduce the diffusion of adsorbates and provide an opportunity to determine the energetic landscape of specific molecules interacting with a surface under controlled conditions. As demonstrated here, the sliding and detachment mechanisms of individual polymer repeat units can then be inferred from the analysis of pulling experiments. A detailed interpretation of our results, based on a modified Frenkel-Kontorova (FK) model (13) , also is presented.
Single Polyfluorene Chains: Preparation and Experimental and Modeling Approaches
We present here an investigation of the aforementioned kind, using a homopolymer of substituted fluorene consisting of two phenyl rings fused by a central cyclopentadiene ring and two offplane methyls at the apex. In contrast to solution chemistry, preparing an isolated, single, and long molecular chain on an atomically clean surface under clean ultrahigh vacuum (UHV) conditions is extremely challenging. Because of their large molecular
Significance
Mechanical properties of biopolymers such as DNA and proteins have been studied to understand the details of complex processes in living systems via systematic statistical analyses of repeated measurements. However, the mechanical behavior of a single molecular chain pulled off a surface has never been investigated with atomic-scale resolution. Herein, we present such a study on in situ polymerized fluorene chains by pulling individual chains with the tip of an atomic force microscope at 4.8 K. The measured variations of the force gradient provide detailed insights into the detachment process of fluorene units and the role of near-incommensurability with the substrate structure.
weight, polymers cannot be deposited simply by using conventional thermal evaporation techniques. In situ polymerization of molecular precursors on a surface is, in contrast, an attractive way to achieve our goal (14) . Polyfluorene molecular chains were synthesized on an Au(111) surface from dibromoterfluorene (DBTF) molecules. These molecules consist of three fluorene units carrying a Br atom at each end that dissociates at elevated temperature (490 K), thus allowing trimer radicals to diffuse and link. The welldefined 1D structure of the resulting chains (fluorenes linked by C-C bonds and alternatively tilted in opposite directions; see inset in Fig. 1A ) opened the possibility of measuring electron transport through a free-standing segment connected to the substrate and to the tip of a scanning tunneling microscope (STM) in a controlled manner (15) . Here, we measure the mechanical properties of such individual polymer chains vertically pulled by an AFM tip, using the same conducting tip to characterize the chains on the metal surface by STM before and after manipulation.
All experiments were performed under UHV conditions with an Omicron AFM/STM equipped with a tuning-fork piezoelectric force sensor (16) , operated at 4.8 K and 77 K. At 4.8 K, most of the molecular chains are physisorbed along fcc stripes of the herringbone reconstruction (Fig. 1A) (17) . At 77 K, a few tilt defects causing local bends (15) , as well as some motion of the polymer termini, were observed on the time scale of the STM imaging (Fig. 1B) , thus indicating that activation barriers for untilting and lateral diffusion are small (Supporting Information and Figs. S1 and S2). Using a dynamic AFM at 4.8 K allows one to perform successive manipulations as well as to extract mechanical properties such as stiffness, pulling force, interaction potential, and interaction-induced additional energy dissipation (18) . Because the oscillation amplitude of the probing tip is kept quite low (30 pm), the measured frequency shift Δf is proportional to the effective stiffness k ts of the tip-sample interaction. The quantity of k ts is defined as the gradient of the force acting on the tip along the vertical pulling direction z with respect to the z-displacement and is calculated as k ts = −2k c Δf =f , k c being the stiffness of the force sensor and f its resonance frequency (16, 19, 20) . However, in contrast to well-established dynamic AFM measurements of short-range chemical bonding between close tip apex and sample atoms (21-23) and controlled manipulation of the latter (24), the interpretation of the present measurements is more challenging. This is a result of the multiple bonding situation, with strong covalent bonds within the polymer, a weak interaction of each fluorene unit with the surface, and a relatively strong bond to the tip. The junction between chain and tip most probably involves a covalent Au-C bond (25), which should be weaker and longer, hence softer than a C-C bond. Such Au-C bonds form between gold electrodes and alkane or aromatic chains terminated by trimethyltin groups that are cleaved spontaneously in suitable solutions, as demonstrated by in situ single-molecule conductance measurements (25). In our case, the C-radicals left at the ends of in situ polymerized fluorene chains presumably can form Au-C bonds. Indeed, the probability of establishing the junction strongly depends on the tip positioning at the terminus of the last fluorene unit (15) . Fig. 1C shows a schematic drawing of the experimental setup and a generic model that explains the salient features of our measurements. The bond of the tip apex to the pulled end of the molecular chain is represented by a spring of stiffness k tip , and each fluorene unit is linked to its neighbors by springs of stiffness k. The polymer is physisorbed via weak van der Waals interactions mainly involving the downward-pointing methyl, as well as phenyl CH edge groups close to the Au(111) substrate. Furthermore, the remaining radical at the other chain end presumably interacts weakly with the substrate. Our goal is to detect fingerprint-like variations in the frequency shift Δf while pulling up individual molecular chains of different lengths and to interpret the experimental observations by means of simulations based on the sketched model using adsorption and corrugation potentials U 0 and U 1 , described in further detail (see also Supporting Information).
Pulling Measurements
We first attempted to pull a polyfluorene chain about 20 nm long and consisting of 24 fluorene units ( Fig. 2A) . The tip apex (likely decorated by gold atoms picked up from the sample) was positioned precisely at the end of the molecular chain, indicated by the arrow, close enough to connect to the chain, as approaching the terminus increases the pulling efficiency (15) . Whenever a strong bond to the tip is established, the sudden variation of the tip-sample interaction causes an abrupt Δf change in the AFM (26, 27). Then, the tip was retracted in the vertical z-direction while recording Δf . S3 for a longer chain (72.4 nm)] so that the mechanical behavior of the molecular chain is measurable readily until complete pulloff. In Fig. 2B , we observe 24 periods of Δf , which exactly correspond to the initial number of fluorene units on the surface. Furthermore, the mean distance between consecutive jumps is 0.91 ± 0.07 nm, which is close to the length of a fluorene unit (0.845 nm). These values are more accurate but agree with STM pulling experiments (15) and confirm that the molecular chain is stepwise lifted from the substrate surface unit by unit. In a closer observation of a single lifting event (Fig. 2C ), we notice a minor modulation, with a periodicity close to the substrate lattice spacing parallel to the sliding direction along an fcc stripe (0.5 nm). At z = 21 nm, i.e., at a distance close to the length of the polyfluorene chain on the surface, the frequency shift suddenly levels off to Δf = 0. Indeed, the chain no longer is present in the STM image recorded after the pulling measurement ( Fig. 2A) . This means that the molecular chain was detached completely from the surface when the last abrupt change of Δf was detected.
To achieve a complete detachment sequence with well-defined periodicity, it is very important to choose an individual molecular chain lying along an fcc stripe of the herringbone structure. Interestingly, if the chain initially crosses some stripes and/or is partly bound along a substrate step, the tip-chain junction often ruptures during pulling (Supporting Information and Figs. S5 and S6). Once a chain is completely detached from the surface, it likely rolls up and connects to the tip in an uncontrollable manner, because no significant Δf change is observed if the tip subsequently approaches the surface. However, if the tip-molecule junction breaks before complete pull-off, the chain may be observed in a different configuration on the surface (Supporting Information and Figs. S4-S6). Because junction rupture occurred after many units were detached, and the stiffness of the free-standing segment scales with k were divided by the number of pulled-off units, we conclude that the stiffness of the tip-chain junction must be much weaker than that of a C-C bond.
Extended FK Model
The mechanical behavior of a molecular chain pulled along a crystal surface may be interpreted using the FK model (13) . In the 1D FK model, the chain is approximated by a series of units connected by equivalent springs (with stiffness k and equilibrium length b); each unit interacts with the substrate via a sinusoidal potential of amplitude U 1 ðxÞ and period a. Below a critical value of the dimensionless parameter U 1 =ka 2 , which depends on the ratio b=a, an infinite chain would continuously slide for a finite applied force F along x if b=a is an irrational number, because forces acting on units off minima and maxima of U 1 ðxÞ would cancel out for any relative position of the chain. If b=a is rational, e.g., if periodic boundary conditions are applied, or in the realistic case of a finite chain, a finite depinning force F c is required to initiate sliding, because the cancellation is incomplete and position dependent, as suggested in Fig. 1C . If F slightly exceeds F c , nearly frictionless sliding (more precisely, a modulation of F about a zero average in the limit of vanishing pulling velocity) is possible if U 1 =ka 2 is sufficiently low. In the present case, the scenario changes further in nontrivial ways, because the pulling force is applied to the last unit by a weaker spring and the tip is moved perpendicularly to the surface (in the z-direction) while the chain segment remaining on the surface slides along the surface (in the x-direction).
To clarify the mechanisms causing the observed variations of Δf during pulling polyfluorene chains, or of similar polymers consisting of rigid units connected by single bonds, and to quantify the experimental results further, we performed calculations based on the following model. In close analogy to the FK model, the polymer is approximated by a chain of harmonically coupled particles. In contrast to the FK model, we have chosen a more realistic interaction potential, introduced by Steele (28), to describe gas-atom solid interactions. In our case, each particle represents a fluorene unit, with the methyl side group close to the surface interacting with each gold atom of the sample via a 12-6 Lennard-Jones potential with well depth e and steric diameter σ. As described by Steele, the interaction of each particle with a rigid crystal may be approximated by a truncated Fourier series, with position variables in the plane parallel to the surface. The assumption of an undeformed surface is reasonable in the case of alkanes adsorbed flat on Au(111), because measured adsorption energies are nearly proportional to the number of units (29), with small slopes consistent with physisorption and weak electron transfer (30). This also applies to conjugated arenes on the same surface (31). A detailed analytical description of the model is provided in Supporting Information.
Results of Simulations and Comparison with Experiments
Zero-temperature simulations of vertical pull-off were performed using damped Newtonian dynamics, assuming a particle mass and damping such that any excited vibrations rapidly died between successive detachment events (Supporting Information). Representative results are presented in Fig. 3 for a chain initially lying along a ½112 symmetry direction, i.e., along an fcc stripe (17) . The sequential detachment of the units with a period coinciding with b is the most prominent feature, in very good agreement with the experimental data (Fig. 2) . Both the normal force acting on the tip and its z-gradient jump whenever a molecular unit is detached. The measured force gradients are well reproduced if the parameter e = 31 meV is used. In this case, the averaged physisorption potential has a minimum of −8:95e = 0:27 eV. This value corresponds to the physisorption energy of one molecular unit and is reasonably close to a lower bound of 0.21 eV estimated for a tilted methylated fluorene (Supporting Information). The corresponding maximum vertical attractive force between the detached unit and the substrate is 0.25 nN. Similar to the experimental results, we also obtain a small continuous modulation related to the periodicity of the Au(111) substrate along the sliding direction (Fig. 3B) . Being superimposed on the main variations, this modulation does not appear periodic but shows extrema or shoulders that gradually shift with respect to the main variation and reflect the misfit between the chain structure (b-periodicity) and the atomic lattice of the gold substrate. Note that in our measurements, even when the molecular chain moves along the straight part of an fcc stripe of the herringbone reconstruction, the modulation is more irregular, although the b-periodicity is maintained, as observed between the last 12 jumps preceding full detachment in Fig. 2B . This may arise from some wiggling of the chain perpendicular to the sliding direction. A remarkable result of extensive simulations is that the normal force required to detach one unit after the other is nearly independent of the length of the chain and of the segment remaining on the surface, as long as the effective stiffness of the pulled-off segment is large compared with k tip . This always is the case if the number of units is well below k=k tip . The concomitant lateral forces along the sliding direction also show large variations, about one third of the normal force variation, and exhibit jumps to less attractive values at the same tip-sample separations (highlighted by the dashed lines) with a spacing very close to the chain period b in all panels of Fig. 3 . Closer inspection reveals that the spacing between the dashed lines also slightly increases as pulling proceeds. This is consistent with the slowly decreasing net stiffness of the pulled-off segment. Both force components are determined primarily by the detachment of individual units, which correspond to fluorene monomers of length b = 0:845 nm. Indeed, the detachment of each unit involves motion in the full potential energy landscape, thus leading to both normal and lateral forces.
According to the standard FK model, the average lateral force exerted by the sliding segment should nearly vanish, whereas the attractive forces acting on the tip depicted in Fig. 3C obviously have finite averages. As z increases, the normal force exhibits nearly the same pattern, whereas lateral force variations gradually decrease. Indeed, although each detachment event generates nearly the same force on the currently lifted unit, the lateral component exerted on the tip is reduced because the lateral displacements of lifted units gradually decrease toward the last unit connected to the tip.
Another interesting result, apparent in Fig. 3D , is that the internal energy of the chain coincides with its interaction energy with the surface during slow sliding stages when all units move little while only the spring connecting the last one to the tip is extended significantly. This coincidence implies that the desorption energy per unit is given by the difference between adjacent internal energy plateaus. The first law of thermodynamics provides in principle a way to directly extract the desorption energy from experiment: the internal energy change is just the difference between the work done on the tip and the energy dissipated during fast variations. Whereas energy dissipation can be measured simultaneously with the frequency shift (5), the work cannot be calculated reliably by twice integrating −2k c Δf =f inward starting from a large enough z value, because the average normal force remains undetermined. This average is difficult to determine because the frequency detection circuit likely systematically lags during the rapid drops apparent in Fig. 2 B and C. A reliable determination is intrinsically problematic if the system jumps irreversibly between distinct configurations, each one associated with its own interaction energy hypersurface over finite, possibly overlapping z-range(s) (32). Such events also lead to concomitant jumps in the force, as observed when chains of atoms are pulled out of the surface of a metal (26) or insulator (33) upon close approach followed by retraction. Furthermore, energy dissipation inevitably arises in the range(s) in which two or more configurations are populated by thermal or instrumental noise, or by the imposed tip oscillation. Those difficulties were recognized in part in recent pull-off measurements on single molecules (rather than chains) (34). However, the proposed procedure of matching force and interaction energy curves computed from Δf on both sides of the range in which dissipation occurs ignores possible jumps. In our opinion, only variations of those quantities about unknown averages can be determined reliably (Supporting Information, especially Fig. S3 B-E) . Direct force detection via the time-averaged deflection of an oscillating stiff cantilever (35) is an alternative method to determine the magnitude of released force during detachment of each unit. However, an accurate direct measurement of the normal force is practically impossible with the very stiff deflection sensors used in current low-temperature AFM setups. In contrast, direct force measurements using soft sensors are common in room-temperature studies of biomolecules (2-6), synthetic polymers (11, 12) , and Au-single molecule contacts (36) in solution. The next step would be to combine advantages of both apparently disparate approaches to experimentally determine the desorption energy per monomer in future extensions of the present study.
Conclusions
We have manipulated single physisorbed molecular chains and investigated their mechanical behavior by pulling them from a reconstructed metal surface. An AFM is used and operated at low temperatures to suppress thermal effects. A periodic variation of the measured frequency shift proportional to the normal force gradient, interrupted by steep drops, then is observed together with a weak superimposed modulation. The period matches the length of each molecular unit, whereas the jumps are a result of the detachment of individual monomers. The modulation reflects the nearly frictionless motion on the surface expected for stiff-enough chains. The adsorption energy of a monomer is extracted by fitting the experimental data. Numerical calculations based on an extension of the FK model reproduce all experimental observations and also predict the underlying normal and lateral forces acting on the pulling tip, which are difficult to determine from the measured frequency shift and energy dissipation without questionable assumptions. Systematic studies of the mechanical properties of adsorbed polymers or conducting wires thus can be realized in a controlled manner on the molecular scale. The proposed model is remarkably simple but nevertheless is flexible enough to treat more complex heteropolymers by including separate interaction and deformation potentials for different units and/or adjusting parameters to account for specific interactions with naturally or intentionally structured substrates. Furthermore, as already demonstrated for synthetic polymers and biopolymers pinned at both ends and containing switchable units, effects of thermal fluctuations on their elastic properties and force-induced conformational changes (2, 37) may be described by few-state or potential models. Combinations of the above-mentioned extensions should provide a useful framework for describing the mechanochemistry (7, 8) 
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Lateral Manipulation
As seen in Fig. 1 of the main text, in situ synthesized polyfluorene chains often are trapped at substrate steps. To quantify the interaction between such chains and the substrate, a single chain trapped at the upper edge of a monostep was manipulated laterally with a gold-coated atomic force microscope (AFM) tip initially indented gently into the substrate. Subsequently, the tip was moved at a series of equally spaced constant heights along the same predefined path while the tuning fork sensor oscillated in the vertical z-direction with respect to the sample surface (Fig.  S1A) . Being proportional to the force gradient in that direction, the frequency shift Δf induced by the tip-sample interaction may be used to determine the z-distance dependence of the vertical force on the tip. A 2D Δf ðx; zÞ map obtained from lateral scans along the same line at decreasing heights z spaced by 10 pm is shown in Fig. S1B . When the molecular chain was displaced, a discontinuity in Δf (indicated by the red arrow) was detected, albeit in a region showing little energy dissipation, as estimated from the excitation amplitude required to keep a constant oscillation amplitude (1) (Fig. S1C ). The measurement then was stopped. As seen in Fig. S1D , upon decreasing z, the vertical force becomes increasingly attractive on the left side of the step edge and (less so) on the right side of the chain. Above the trapped chain, this force first becomes more then less attractive, and finally becomes rapidly repulsive. Somewhat surprisingly, the chain first is displaced to the right after the tip passes over it. To understand this behavior, we followed the procedure used to quantify lateral manipulation of adsorbed atoms and small molecules in a setup similar to ours (2) . First, the interaction potential Uðx; zÞ is calculated by integrating the vertical force down to z (Fig. S1E) . The lateral force on the tip subsequently is obtained by calculating −∂U=∂x (Fig. S1F) . It changes sign three times at small separations but points to the left at the location of the negative minimum where the chain first is displaced to the right. Because the force likely is dominated in that range by the tip interaction with the nearby chain, we conclude that the opposite lateral force on the chain required to pull a segment near its end, away from the step edge, amounts to 280 pN.
Preparation of an Isolated Long Polyfluorene Chain on the Au(111) Surface
On-surface polymerization is made possible by the diffusion of dibromoterfluorene molecules along the herringbone structure of Au (111) (3). Because the length of straight herringbone stripes is finite, the preparation of a long isolated polyfluorene chain is difficult. Moreover, we often observed agglomerated molecular chains. Their assembly is established by van der Waals interactions, but may be circumvented easily by lateral manipulation in a controlled manner (4). The procedure is the same as in the description of Fig. S1 . Fig. S2A shows scanning tunneling microscope (STM) images recorded before and after a series of such manipulations, whereas Fig. S2B shows some intermediate steps of the manipulation process. The polyfluorene chain could be isolated completely after about 10 judicious manipulation steps. Focusing on the dark background in the last image, one notices that the separated ends of the chain now are lying along two broader fcc stripes separated by ridges from an empty, narrower central hcp stripe of the herringbone reconstruction. The final configuration of the whole chain is seen in Fig. S2A , Right. Because of the adopted color code, the white ridges appear broader than they actually are.
Pulling Up a Long Polyfluorene Chain
We could completely pull off the long molecular chain consisting of 87 fluorene units prepared as described in the preceding section by contacting and then lifting the chain end at the location indicated by the vertical arrow in Fig. S3A , Left. In the initial chain configuration shown there, two long segments undulate about two parallel fcc stripes and are connected by a short, nearly perpendicular segment, which is expected to experience a more corrugated interaction potential. In the image on the right, the pulled chain is missing, and the path followed by its tail is sketched together with adjacent stripes labeled fcc or hcp. Fig. S3B shows the signal recorded while the chain is pulled up; Δf exhibits better defined periodic variations in region 3, also highlighted in the magnified view in Fig. S3C , Right. When z = 72:4 nm, the freestanding molecular chain disconnects from the substrate. Because this extension is close to the number of units times the monomer length (87 × 0:845 = 73:5 nm) and also because of the subsequently recorded image in Fig. S3A , we conclude that this particular chain could be pulled off completely despite its nontrivial initial configuration. It also is worth noting that the chain and its junction with the tip remained intact during the pulling measurement, which took 45 min at 4.8 K.
Three different z-ranges may be recognized in Fig. S3B . Below 32 nm, the variations of Δf are large and irregular, with maximum values fluctuating between 6 Hz and 12 Hz. Between 32 nm and 37 nm, Δf varies much less and almost always is positive. Beyond 37 nm, more regular, smaller variations of Δf (compared with the first range) are observed. Because in the first two ranges a segment of the chain must move across a more corrugated region of the surface, the simple description of Fig. 2 in the main text, based on the results of simulations described therein, may apply only in region 3. The segment remaining on the surface then slides along an fcc stripe and also is straightened, judging from the longer extension of region 3 compared with the initial lengths of the undulating segments indicated by double-headed arrows in Fig. S3A , Left.
As emphasized at the end of the main text, neither the force on the tip nor the tip-sample interaction energy (mainly via the connecting chain at separations beyond a few nanometers) can be extracted unambiguously if the measured frequency shift exhibits abrupt changes, such as those apparent in Fig. 3 B and C. Nevertheless, variations of those quantities between successive jumps may be determined by arbitrarily assuming that the builtup attractive force is completely released stepwise in a sequence of elastic instabilities resembling atomic-scale stick-slip in dry friction measurements at low loads (5, 6) . Fig. S3 D and E shows the dependencies of the resulting attractive force and potential energy variations on pulling distance. Note that the a priori unknown linear terms arising from the average forces in regions 1-3 have been subtracted in the potential energy plot. For most of the stretches between jumps, the force variation is below −0.3 nN in region 3 and the corresponding potential energy variation is below 0.5 eV, i.e., of the same order as the values derived from simulations able to reproduce the force gradient variations in Fig. 2B of the main text. This approximate agreement indicates that the attractive force is considerably released at each detachment jump, at least if the chain segment remaining on the surface slides along a straight fcc stripe, as indeed seen in Fig. 3C of the main text. The measured dissipation signal per tip oscillation cycle (Fig. S3F) shows small spikes at only a few of the jumps, although energy must be lost at each abrupt change to a more favorable configuration, i.e., the detachment of a fluorene unit in our case. The reason for this discrepancy is that the measured signal is an average over a several orders of magnitude longer response time of the controller that maintains a constant oscillation amplitude, whereas the actual change usually occurs much faster in just one or a few cycles as the tip is retracted slowly (7) . To sample the energy irreversibly released at each configurational change more reliably, the tip oscillation amplitude and the z-increment should be adjusted carefully so that each such change occurs in (almost) all oscillation cycles.
Reapproaching a Partly Pulled Polyfluorene Chain
If the tip is reapproached before a polyfluorene chain initially lying along an fcc stripe is not removed completely, the chain usually jumps back onto the surface. In this situation, the tension remaining after the last detachment jump first is released, then the chain may be compressed along its axis and either slide back onto the surface or buckle, or its junction to the tip may rupture uncontrollably. A particularly interesting example is shown in Fig. S4 . Because the chain was 21.0 nm long, it still was connected to the surface at the maximum tip retraction of 20 nm, most probably by only one fluorene unit. At this point, the tip was reapproached toward the sample, and remarkably, the corresponding red Δf curve in Fig. S4I initially overlapped the curve acquired when the chain was pulled upward, then exhibited some hysteresis, thus strongly suggesting that four units readsorbed and slid back into the same positions, and that about the same number slid into slightly different positions. However, below z = 12 nm, the tip-chain junction suddenly broke, and only the background van der Waals interaction between the tip and the Au(111) sample was detected in the remaining part of the red Δf curve. In the subsequently recorded STM image in Fig. S4A , Lower, the chain was found again, albeit at a different location along the same fcc stripe, and was used afterward for the pull-off experiment highlighted in Fig. 2 of the main text.
Examples of Rupture While Pulling Up a Polyfluorene Chain
When an adsorbed polyfluorene chain exhibits segments that cross the herringbone structure and/or are attached to a step, the junction between tip and chain typically ruptures prematurely while it is pulled up. Two examples are illustrated in Figs. S5 and S6. The yellow and red crosses mark the positions of every third fluorene unit before and after such unsuccessful vertical manipulations, respectively. Although the vertical displacement of the tip observed before rupture is relatively small, this event affects the final configuration of the chain over longer distances. For instance, in Fig. S5A , units 1 to at least 42 have been shifted to different positions, corresponding to a contour length of 35.3 nm. According to Fig. S5B , rupture occurred when z = 13:9 nm. Interestingly, this distance slightly exceeds the length of the segment (12.7 nm) encompassing 15 units from the pulled end, which initially lie along an fcc stripe. However, the energy released upon rupture seems sufficient to disturb the chain down to unit 42. In Fig. S6 , the situation is less clear: although units beyond 48 are attached to the step in the upper left corner, units 1-24 initially appear to straddle several herringbone stripes at an angle. Nevertheless, these results show that sliding of single pulled molecular chains across ridges separating fcc from hcp stripes of the herringbone reconstruction is hindered by higher energy barriers, which may cause rupture of the junction between tip and chain. Only chains formed along straight fcc stripes can be pulled off the surface easily.
Parameterization of the Chain-Substrate Interaction Potential
We approximate the interaction potential between a polyfluorene unit and the Au(111) substrate by two terms:
Details of Simulations In our model, the i-th unit in the chain is represented by a particle at position r i subject to a conservative force
U being the interaction potential defined in Eqs. S1-S4, k the stiffness of the connecting spring(s), and r i+1;i the distance between units i and i + 1 (equal to b in equilibrium). For the N-th unit connected to the tip, the last term is replaced by −k tip ðr N − r tip ð1 − b=r tip;N Þ, where r tip = r 0 + vtẑ,ẑ being the unit vector normal to the surface. The preceding equation tacitly assumes that the equilibrium length of the "tip spring" also is b, i.e., unrealistically large, but it may be chosen arbitrarily. An additional viscous force is added to F i , viz. −½γðz i Þv i + γðz tip − z i Þðv i − vẑÞ, where v i is the velocity of the i-th unit and γðz i Þ = γexpð−z i =λÞ, is added to F i . This phenomenological term accounts for the damping of chain vibrations via coupling to excitations of the stationary substrate and to the tip pulled up at the constant velocity v. The particle mass m and the damping factor γ were chosen ad hoc such that the highest-frequency longitudinal vibrations were underdamped, i.e.,
e.g. damping rate Γ = 40 Hz and critical rate Γ c = 200 Hz in the example shown in Fig. 3 of the main text (m = 0:02 kg, γ = 0:8 kg/s). Most importantly, the tip velocity was kept low so that the "washboard frequency" v=a (a fortiori also v=b) is much smaller than those rates, thus guaranteeing that any vibrations excited by fast chain rearrangements decay long before the next such event. These conditions are satisfied experimentally, except that damping rates and, especially, vibrational frequencies are orders of magnitude higher, e.g., even for low-lying frustrated translation modes of physisorbed alkanes (15) , and a fortiori for the likely excited localized out-of-plane methyl twist modes. Newton's equations for each unit were solved using the velocity Verlet algorithm with a time step of 10 −5 s. A straight chain in its free equilibrium configuration initially was placed at the height z 0 corresponding to the bottom of U 0 ðzÞ, then relaxed over 10 5 time steps with the tip fixed b away from the last unit. Subsequently, the tip was moved vertically over ∼ 10 8 time steps. The force acting on the tip (and giving rise to the detected force sensor deflection in experiments) was computed as
Computed trajectories of individual units indicate that before detachment, all units slide continuously and almost synchronously, very weakly deviating from the mean physisorption height (0.34 nm) above the surface. Magnified views of the relative displacements of adjacent units reveal that their motion occurs in stages in which physisorbed units alternately move slower and faster than the tip. The weak modulation superposed on the dominant force variations, which appears amplified in the force gradient, arises from small displacements that mostly compensate each other and relax during fast stages when some units move across saddle points of the corrugation potential.
The recorded positions and velocities of all units also were used to compute their instantaneous additive contributions to the interaction energy U int with the sample, the elastic and kinetic energies U el and K stored in the chain, and the energy dissipation rate by the position-dependent damping terms. We ensured that the time step was small enough to satisfy energy conservation by checking that the internal energy U int + U el + K agreed at all times with the difference W − D between the work done by the tip
and the integrated energy dissipation D. The dependence of the quantities F z ; F x ; U int ; U el , and W − D on z tip is discussed in detail in the main text.
Independent Estimate of Physisorption Energy per Fluorene Unit
The estimate mentioned in the main text (0.21 eV) is three times the well depth of the 12-3 Lennard-Jones potential for a methyl interacting with Au(111), namely 800 K = 69 meV estimated from Fig. 1 in a careful study of hexadecane physisorption on that surface (9). This potential is conceptually similar to Steele's expression U 0 ðzÞ described in the main text but represents a cruder approximation (integration rather than summation of the attractive −1=r 6 van der Waals terms over all layers of the sample), actually an underestimate, as already pointed out by Steele (8) . The factor 3 makes sense because each tilted fluorene mainly interacts with the surface via one downward-pointing methyl and three CH groups at the edge of each phenyl ring. Indeed, according to the simple but remarkably successful "bond additive model" of hydrocarbon adsorption (16) , each CH in close contact to the surface contributes a fixed amount to the total physisorption energy. In view of the 12-3 approximation, and because attractive contributions from methyl and CH groups further from the sample are neglected, our estimate provides a lower bound, which nevertheless is rather close to the value (0.27 eV) obtained by adjusting the interaction strength e to fit the average measured maximum value of the force gradient in Fig. 2 . 
